S1. Simulation Details for Aqueous Systems Scheme I and Scheme II Molecular Dynamics with Periodic Boundary Conditions
These simulations were performed using the CHARMM molecular simulation program. 1 To replicate Scheme I, the required number of molecules to attain 1M of a particular type of solute were randomly placed in a cubic box of 50 Å side. Similarly, to replicate Scheme II, the required number of molecules to attain 0.25 M of each solute type, were randomly inserted in a bulk water cubic box of 50 Å side. The aqueous mixtures were minimized for 5000 steps with the steepest descent algorithm 2 and another 5000 steps of the conjugate gradient algorithm 3 in the presence of periodic boundary conditions. 4 The systems were then heated to 300K at the rate of 5K/ps by periodic reassignment of velocities. 5 Following this, the system was equilibrated for 200 ps using velocity reassignment. The leap frog version of the Verlet integrator 4 with a time step of 1 fs was used for heating and equilibration. Water geometries and covalent bonds involving hydrogen atoms were constrained using the SHAKE algorithm. 6 Long range electrostatic interactions were handled with the particle-mesh Ewald method 7 with a real space cutoff of 12 Å, a switching function 8 was applied to the Lennard-Jones interactions at 10 Å, and a long-range isotropic correction 4 was applied to the pressure for Lennard-Jones interactions beyond the 12 Å cutoff length. Following equilibration, the aqueous mixture boxes were simulated for 15 ns with a time step of 2 fs, at 300K and 1 atm pressure with a Nose-Hoover thermostat, 9, 10 and the Langevin piston barostat.
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S2. FragMaps and LGFE scoring
FragMaps Solute atoms from 10 ps snapshots of the Scheme II aqueous mixture systems in the absence and the presence of the T4-L99A mutant GCMC-MD simulation trajectories were binned into 1 Å x 1 Å x 1 Å cubic volume elements (voxels) of a grid spanning the entire system, and the voxel occupancy for each FragMap atom type was calculated. The normalized distributions were then converted to free energies via a Boltzmann-based transform of the normalized probabilities to yield a grid free energy (GFE) for each fragment type f for the coordinates x,y,z, from which the GFE FragMaps were constructed, as previously reported. 12 All GFE values were capped at 3 kcal/mol. FragMaps were visualized as iso-contour surfaces at a GFE value of -1.2 kcal/mol, unless otherwise noted. The voxel occupancies of the solute atoms in the Tier II aqueous mixture systems are shown in the table below. LGFE scoring Ligand atoms were classified into FragMap types, for which an assignment map was created.
The rules for assignment are presented in our previous work. 12 Each classified atom of a ligand with coordinates (x i .y i ,z i ) was assigned a score equal to the GFE value of the corresponding FragMap type (f), GFE f xi,yi,zi , of the voxel it occupies.
LGFE is then the sum of each of these GFE values for all the classified ligand atoms. LGFE was calculated as Boltzmann weighted averages over two conformational ensembles of the ligands.
MD conformational ensemble (for LGFE MD ):
Initial ligand conformations were extracted from the corresponding co-crystal coordinate PDB files and the automated CGenFF parametrization algorithm 13,14 was used to obtain the topology and parameters in the context of CGenFF 15 . The ligand conformation from the co-crystal structure was extracted and aligned with the protein conformation used in the SILCS simulations. The alignment was done based on optimal alignment of the backbone C α atoms in the two protein structures. The complex was minimized using the SD algorithm for 50 steps. This minimized conformation was subject to a 10 ps MD simulation, with snapshots output every 0.2 ps. During the dynamics, all protein atoms farther than 8 Å around any ligand atom were restrained using a force constant of 1 kcal/mol/Å 2 . This process was repeated on 40 protein conformations obtained from the GCMC-MD SILCS simulations, equally spaced in time (cycle 10, 20, 30,…), yielding at total of 1000 ligands conformations for estimation of the Boltzmann weighted average LGFE.
MC conformational ensemble (for LGFE
MC ): Sampling of the ligand was also performed in the "field" of the GFE FragMaps using Metropolis Monte Carlo (MC) steps. An in-house suite of programs was used to setup and run the MC simulations. The ligand had rotational, translational and intra-molecular degrees of freedom. The ligand had no rotational restraints, but its center of mass (CoM) was restrained to lie within 2.5 Å of the CoM of the ligand crystal conformation using a flat bottom restraint. Intramolecular degrees of freedom consisted of rotatable bonds, which were automatically detected based on the CGenFF molecular topology. All acyclic nonterminal bonds were considered rotatable, with the exception of bonds ending in methyl or NH 3 + groups. The force-field terms corresponding to the intramolecular degrees of freedom comprised of dihedral, van der Waals (vdW) and electrostatic terms. Due to the absence of protein and solvent during these simulations a distance dependent dielectric (=4|r|) was used to evaluate the intramolecular electrostatic contributions to prevent their overestimation. The energy computed during the Metropolis MC can be written as follows.
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For each ligand, 20 different MC simulations (each run for 10,000,000 steps; snapshots recorded every 10,000 steps) were run, where for each of them the ligand is initially randomly placed close to the protein active site. An average LGFE is first calculated over each of these 20 MC simulations.
LGFE MC is then the Boltzmann weighted average over these LGFE values obtained across the 20 MC simulations. Figure S1 . A. Distribution of benzene in a spherical boundary aqueous system. When solute and waters share the same spherical boundary, hydrophobic solutes accumulate at the edge of the wall. B. To avoid this, the system A is immersed in a larger system B as described in the main text. 
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